Introduction
Molecular magnetism applies molecular techniques for designing and studying new classes of molecule-based magnetic materials, from the bulk to the nanoscale. Over the past ten years, the field has been revitalized by the discovery that mononuclear metal complexes may show a single-molecule magnetic (SMM) behavior, with a new set of unusual quantum physical phenomena as compared with polynuclear complexes.
In contrast with the classical polynuclear SMMs, whose properties are dominated by exchange interactions between the ions, in Single Ion Magnets there is a direct relationship between the electronic spectrum resulting from the crystal field splitting of the single ion and the magnetic properties of the molecule. For this reason, there is a need for general models that are capable to correlate the structural and electronic features of the metal complex with its SMM properties.
is a fortran77 code based on an effective electrostatic model of point charges around a rare earth ion. Although the minimal Point Charge Electrostatic Model (PCEM) is a very rough approximation, it presents some interesting features that, together with its beautiful simplicity, makes it attractive for some purposes. For example, using ideal symmetries it can be used to reduce the number of adjustable parameters in a fitting procedure. Moreover, in the case of ionic homoleptic complexes it can be used to predict the sign of the crystal field parameters. It has been found remarkable that such a simple model produces good agreement between experimentally and theoretically determined crystal field parameter signs.
Theoretical model
This section consists in a complete explanation to be used if a detailed Methodology section is required.
We have resolved a Crystal Field (CF) Hamiltonian where the CF parameters for the ground J-multiplet have been obtained by a corrected electrostatic point charge model. For a given J-multiplet, such Hamiltonian expressed in terms of the Extended Stevens Operators (ESOs) 2 takes the general form: where k (for f -elements, k = 2, 4, 6) is the order (also called rank or degree) and q is the operator range (that varies between k and −k), of the Stevens operator equivalents O q k , as defined by Ryabov in terms of the angular momentum operators J ± and J z (where the components O q k (c) and O q k (s) correspond to the ESOs with q ≥ 0 and q < 0 respectively).
3 Note that all the Stevens CF parameters B q k are real, whereas the matrix elements of O q k (q < 0) are imaginary. a k are the tabulated α, β and γ Stevens coefficients 4 for k = 2, 4, 6, respectively, which are tabulated and depend on the number of f electrons. σ k are the Sternheimer shielding parameters 5 of the 4f electronic shell and r k are the expectation values of the radius. where R i ,θ i ,φ i , are the effective polar coordinates of the point charges with the lanthanoid at the origin; Z i is the effective point charge, associated with the i-th donor atom; N is the number of effective charges; e is the electron charge; p kq are the prefactors of the spherical harmonics and Z kq are the tesseral harmonics expressed in terms of the polar coordinates for the i-th donor atom.
System requirements
is not distributed as operating-system-specific binary but as a portable fortran77 code. Thus, its use requires a standard fortran77 compiler (contact your local system administrator for help if needed). So far it has been tested with gfortran , ifort and g77, and it has been optimized for gfortran. Additionally, it requires the lapack library, which can be freely obtained from: http://www.netlib.org/lapack/ . Remember, will not compile without lapack! is a lightweight program, which will run even on a linux netbook or an old desktop computer (1 GB RAM, 1.0 GHz processor). With the rotation option turned off (irot=0, see below), execution is very fast and in practice the limiting step is compilation, which takes a few seconds. Compiling is required for every change in the input files and/or when moving to a different environment, e.g. to a different computer or operative system. Execution with full rotation can take about an hour in a minimal system and just a few minutes on a more powerful workstation. As described in the next section, you will also need a plain text editor -such as vi, TextEdit or Notepad-to prepare the input files.
Input files and syntax
The input of is divided into two files:
• simpre.par, which defines computational parameters and yes/no switches for the calculation and
• simpre.dat, which defines the actual data: the metal and the point charges, but also, if needed, the output options for the susceptibility and the magnetization.
simpre.par
As simpre.par is taken as an include by simpre.f, it is a file in standard fortran77 format, i.e.: the text is case insensitive, you need to leave 6 will not compile if simpre.par is not valid fortran77 ! blank characters at the beginning of each line containing a command such as parameter, every line beginning by C is a comment and the rest of the line after a ! is also a comment. It defines nine parameters:
• idtot is the dimension of the full energy matrix, which is calculated as idtot = 2J + 1. For f elements it is safe to leave it as the maximum possible value 17 = 2 · 8 + 1.
• iuni defines the energy (or energy equivalent) units for the output: 1 for equivalent temperature in K, 2 for energy in meV, 3 for wavenumber in cm
• icoo is the type of coordinates in simpre.dat: 1 for spherical (radius r inÅ, polar angle θ and azimuthal angle φ in • ) , 2 for cartesian (x, y, z inÅ)
• ishi, a yes/no (1/0) switch, controls the use of Sternheimer shielding parameters
• irot (1/0) switch controls whether a rotation of the coordinates searching for the most compact description of the wavefunction has to be performed or not
• the isus (1/0) switch controls whether the magnetic susceptibility will be calculated
• the imag (1/0) switch controls whether the magnetization will be calculated
• ieig decides whether the eigenvalues are going to be included in the output (1) or not (0), or if not only the eigenvalues but also the eigenvectors will be included (2)
• EPS is a numerical parameter to deal with underflow problems, it is safe to leave it as 10 −12 (1.D-12) and not change it unless dealing with technical problems in a particular computer
• ICHAR is the number of charges to be accepted as input in simpre.dat; Remember to adjust the number of charges as needed! this is needed for forward-compatibility reasons, as future versions of may deal with polynuclear complexes. If a high number of charges needs to be used for any reason, ICHAR should be changed accordingly.
simpre.dat
simpre.dat needs to define the metal with the following code, which is included as first line of the input as a reminder :   1  2  3  4  5  6  7  8  9  10  11 12 Ce
3+

Pr
3+
Nd
3+
Pm
3+
Sm
3+
Tb
3+
Dy
3+
Ho
3+
Er
3+
Tm
3+
Yb
3+
user-defined Thus, after the reminder and a blank line, the third line starts with an integer code (length 3) from 1 to 12 that defines the metal ion. If the user chooses the code 12, the lower part of the file defines the metal, as we will see below.
In the fourth line, the user defines the number of effective charges, again as a length 3 integer. This is followed by a list containing, in five columns, the ordinal of each charge (length 3 integer), the coordinates (cartesian or spherical, as specified in simpre.par) and the magnitude of each charge. Both the coordinates and the charge are length 13, with the decimal point in position 6. Note that the charge in the input is a positive number Do not use negative numbers for the charge.
which is understood as the fraction of a (negative) electron charge. The coordinates are inÅ and • .
Immediately after the charge list, two extra lines detail the desired output for the magnetization and susceptibility. If simpre.par indicates that mag-netization and/or susceptibility need to be calculated, they will be read. Otherwise, they will be ignored. Nevertheless, the lines themselves need These lines should not be deleted.
to be there. For the susceptibility, the input indicates the minimum and maximum temperatures (in K, length 9 with the decimal point in position 6), the number of points (length 6 integer) and the applied magnetic field (in mT, length 9 with the decimal point in position 7). For the magnetization, the input indicates the temperature (in K, length 9 with the decimal point in position 6), the maximum field (mT, length 9 integer), the field increment (mT, length 6 integer) and a number defining the angular integration (length 9 integer). Large numbers (100 would be large in this context) for angular integration mean longer calculations but produce more precise values for average magnetization and average χT products, specially in very anisotropic environments. After this two lines comes a mandatory blank line, meaning at least three lines need to be present after the coordinate list.
You only need to care about the last part of the input if there is a userdefined metal. The first line indicates the symbol for the metal, its angular momentum as 2J and the value of g J . The second line indicates the Stevens parameters α, β, γ. The third line indicates the shielding parameters σ 2 , σ 4 , σ 6 . The last line defines the expectation values of the radius powers r 2 , r 4 , r 6 . This is also a way of changing the default choice for r k 1 (and/or for the shielding parameters).
Output files and interpretation
simpre.out
At the very top of simpre.out one can see a standard message including the version number and the program name in ASCII art.
The first real information is a repetition of some of the input data. We can read the name of the ion, the number of charges, the value of the Landé g factor for said ion and the energy units, followed by a small table for the Stevens parameters α, β, γ, the radius expectation values r 2 , r 4 , r 6 and the shielding parameters σ 2 , σ 4 and σ 6 (including the contribution from the 4f perturbation), if ishi= 1.
Next come the input coordinates, which are given both as cartesian and as spherical, with distances inÅ and angles in radians. If the rotation option was activated, this is followed by the applied Euler angles and the spherical coordinates after rotation that produce the most compact description of the wavefunction, i.e. the orientation that allows grouping the highest weight onto a single M J component in the ground state. This does not always Check out 4. A step beyond for ways of getting more out of ! coincide with the easy axis of magnetization, and indeed in some complexes it can be precisely the hard axis of magnetization. In any case, it is always possible to obtain the easy axis by rotating the input coordinates manually and calculating the parallel magnetization until reaching the maximum. Improved versions of exist that can automatize this procedure.
These coordinates define the reference frame for the A Finally, if requested, the list of eigenvalues and eigenvectors are included, using all M J from the ground J multiplet as basis set. First the coefficients are written as complex numbers (first line: real part, second line: imaginary part), and later as the squares of the moduli (i.e.: normalized to unity) to facilitate the comparison of the different contributions. Note that energies are given with a precision up to the millionth of the unit to allow for testing, but for most purposes it makes more sense to round to the nearest unit.
sus.out
Then the relevant input data are repeated: minimum and maximum temperature, number of points and value of the magnetic field.
Finally, the result is given in five columns: temperature in K, and χT product in emu·K/mol for the different orientations and the average:
mag.out
Then the relevant input data are repeated: temperature, maximum field and field step and integration angle. The integration angle is given indirectly in the input as number of points.
Finally, the result is given in five columns: field in T and magnetization in Bohr Magnetons for the different orientations and the average:
Example 1: Ideal cube (DyX 8 )
This is an idealized example that can serve as a test run, or it could also be part of a magnetostructural study. The center ion is Dy 3+ and the environment consists in 8 unity charges in the corners of a cube, each at a distance of 2.5Å from the center. There are three mandatory lines (blank, in this case) after the charge list. simpre.out ****************************************************** ** output file generated by SIMPRE version 1.1 ** ***************************************************** **************************************************** **************************************************** Stevens Crystal Field Parameters (cm-1) **************************************************** 138.450427 0.000000 0.000000 0.000000 -0.190941 0.000000 -0.000000 -0.000000 0.718070 -0.000000 0.000000 0.000000 -0.330719 0.000000 -0.000000 -0.000000 0.581844 0.000000 0.000000 -0.000000 -0.000000 0.000000 -0.000000 0.000000 0.000000 -0.000000 0.000000 -0.000000 -0.000000 0.000000 -0.000000 0.000000 0.000000 141.734248 -0.812791 -0.000000 -0.000000 -0.000000 -0.268642 0.000000 0.000000 -0.000000 0.500416 -0.000000 -0.000000 -0.000000 -0.129562 0.000000 0.000000 -0.000000 -0.000017 -0.000000 0.000000 -0.000000 -0.000006 0.000000 -0.000000 0.000000 0.000010 -0.000000 0.000000 -0.000000 -0.000003 0.000000 -0.000000 0.000000 141.734248 -0.000000 -0.000000 -0.000000 0.129562 -0.000000 0.000000 0.000000 -0.500416 0.000000 -0.000000 -0.000000 0.268642 -0.000000 0.000000 0.000000 0.812791 -0.000000 -0.000000 0.000000 0.000000 -0.000000 0.000000 -0.000000 -0.000000 0.000000 -0.000000 0.000000 0.000000 -0.000000 0.000000 -0.000000 0.000000 141.734252 0.000000 -0.018007 0.000019 0.000000 0.000000 0.621348 -0.000161 0.000000 -0.000000 -0.777706 0.000128 -0.000000 0.000000 0.093682 -0.000004 0.000000 -0.000000 -0.000000 -0.000000 0.000000 -0.000000 0.000000 0.000000 0.000000 0.000000 -0.000000 -0.000000 -0.000000 -0.000000 0.000000 0.000000 0.000000 
Example 2: LiHo
This is a well-known solid-state example. In this case, we simplified the input by taking average radiuses. As susceptibility and magnetization are requested in simpre.par, the corresponding details are introduced in simpre.dat.
There is a mandatory (blank) line after the details for the magnetization. simpre.out ****************************************************** ** output file generated by SIMPRE version 1.1 ** ***************************************************** **************************************************** 2.0 degrees beta = 0.0 degrees gamma = 8.0 degrees *********************************************** COORDINATES AFTER ROTATION ********************************************** **************************************************** Stevens Crystal Field Parameters (cm-1) **************************************************** k q Akq <rk> sus.out ****************************************************** ** output file generated by SIMPRE version 1.1 ** ***************************************************** ######## ____________________________________________________ **************************************************** Magnetic susceptibility from 2.000 K to 300.000 K , number of points: 25, at a magnetic field equal to 0.100 T
Bkq ----------------------------------------------------
T (K)
XzT (emuK/mol) XxT (emuK/mol) XyT (emuK/mol) XavT (emuK/mol) mag.out ****************************************************** ** output file generated by SIMPRE version 1.1 ** ***************************************************** **************************************************** Magnetization at 2.000 K until 5.000 T with a step of: 0.250 T, with an integration angle of 1.4754 simpre.out ****************************************************** ** output file generated by SIMPRE version 1.1 ** ***************************************************** **************************************************** **************************************************** Stevens Crystal Field Parameters ( K ) **************************************************** 
Different electrostatic models
In the past century, many electrostatic models have been proposed to deal with the problem of estimating the Crystal Field parameters of lanthanoid ions, briefly reviewed by P. Porcher.
1 Being fundamentally similar, most of them are compatible with , either in its standard state or after small modifications (see below). We discuss here the differences between the most important of these models.
• the Point Charge Electrostatic Model (PCEM)
2 is the simplest possibility: substitute each atom in the first coordination sphere for point charges by values determined by the valence of each atom. It is a rough approximation for ionic systems such as Ln:LiYF 4 but fails in cases of less ionic bonding. To implement the classical PCEM in , the user just needs to set the control variable ishi= 0 to cancel Sternheimer's shielding parameters, while ishi= 1 includes this shielding which decreases the second order CF parameters, which generally constitutes an improvement in the quality of the results.
• The Effective Charge Model (ECM) 3 allows reproducing the covalent effects by changing both the position and the magnitude of the charges, thus being similar to the REC model (see below). It also includes as effective charges all atoms in a 100Å radius sphere. It is able to reproduce the CF parameters in many cases, being a more limited approximation in systems with a higher covalent character. ECM can be implemented by means of the user-defined atom, where the r k and σ k should be substituted accordingly to include the antishielding effect, see Table 17 in ref.
4 .
• The Simple Overlap Model (SOM) 5 is more versatile than ECM and as a major advantage, does only need to consider the first coordination sphere. The effective charges are very similar to those in ECM, but SOM does not include free parameters. SOM can be implemented in with ishi= 0 and calculating charge and distance according to the following formulas (for details see ref. [6] ): the input distance r i is related to the crystallographic distance R i by r i = R i (1 ± ρ i )/2 with ρ i = 0.05 · (R 0 /R µ ) 3.5 . The input charge Z i is related to a tabulated charge g i by Z i = |g i | · ρ i
• The Angular Overlap Model (AOM) 6 includes specific parameters to discriminate the angular part of the crystal field effect. Like SOM (and REC and LPEC), it allows to classify the ligands in terms of their relative covalence, and allows an interpretation of the CF parameters in terms of a connection with the nature of the ligands and their coordinates. Note that in all previous to AOM the ration between the CF parameters found by the PCEM does not change. In this aspect, AOM is similar to the LPEC model (see below). Implementing AOM in would require more elaborate changes.
• The Radial Effective Charge (REC) model the Lone Pair Effective Charge (LPEC) model are our basic tools and thus are explained with more detail beyond.
All these models are relatively easy to apply, as they only require the crystallographic positions. They are also oversimplified when compared with the whole list of interactions that one could take into account. However, they produce a reasonable order of magnitude of the CF parameters. This is of crucial importance, if we keep in mind the great number of phenomenological parameters that have to be varied for the simulation of a 4f N configuration energy level scheme. Thus, these starting values are as essential for the spectroscopic simulation as atomic positions are for structure determinations.
and a reduction in the effective radius. The preparation of the input and the comparison of the outputs with the experimental data can be easily done by hand, or with the aid of an external program, or an improved version of with extra loops. As usually different solutions are possible, it is best to do either a collective fit to several isostructural complexes of different lanthanoids, or use spectroscopic data instead of a χT curve, or both.
Of course, this strategy is time-consuming and can even be impractical when dealing with heteroleptic complexes, where the number of free parameters is higher. Fortunately, there is a growing body of parameterized ligands, with the final goal of building a general library, as explained below. In simple cases (homoleptic or with abundance of experimental information), reusing published parameters can serve to check their validity, and in complex cases (heteroleptic and/or limited experimental information) it is arguably the best way to reduce or eliminate the overparameterization problem.
The use of LPEC is very similar to the use of REC, but additionally it requires the determination of a unit vector pointing in the direction of the lone pair, usually using chemical arguments and simple geometry. In the case of the phthalocyaninato nitrogens, this can be done by taking into account the planarity of the ligand and the sp 2 character of the lone pair, which displays angles close to 120
• with the other two sp 2 orbitals that form the N-C bonds. In a way, it is reminiscent of the Angular Overlap Model -a more chemical approach-which discriminates the angular part of the crystal field (see section 4.1).
Library of ligands
The effective point charge model used by can be seen as part of a rediscovery, in a new context, of the Crystal Field Theory of the 1960s by the molecular magnetism community. However, what made tools like the Angular Overlap Model powerful was the availability of consistent parameters describing the influence of a given ligand on the electronic structure of the central ion. This was achieved by measuring the optical properties of large series of complexes, and distilling optimal parameter values from the observed level splittings. Thus, we need a similar work to be done with , so that a general library of ligands can be established which parameterizes the most common ligands in terms of the Radial Effective Charge (REC) or Lone Pair Effective Charge (LPEC) models. This work has already started, and the results are very encouraging for a simple and inexpensive estimate of the magnetic properties and ground state wave-function. Of course, the availability of sophisticated experimental information is needed a proper understanding of the full set of energy levels and wavefunctions. Moreover, the following ligands are currently under study and their provisional parameters might be available by request:
• aromatic carbon ring
• vacant polyoxotungstate
• amine oxide
• (dialkylphosphito-P)cobaltate
Community
The ambitious goal of the general library of ligands can only be achieved by means of a community work, where different groups extract these parameters from the highest quality data available and then check their validity in analogous compounds. An email list is maintained by the authors to facilitate the communication within the user community. This allows users to Sign up for the email list: be up-to-date and increase the visibility of your latest results! share their (published) results and be updated on both experimental data and theoretical advances. These progressively build up a general library of ligands, thus making an increasingly powerful tool. This email list is also used to keep the community up-to-date on new versions and patches of the program as soon as they are available.
Extensions and patches
As the source code of is distributed, it is possible for users to adapt it to their own needs. Additionally, the authors are still working on their own improvements and will distribute extended or patched codes by request, as soon as they are usable. Among the problems that may be solved with extra subroutines or small modifications that are currently work-in-progress are:
• automatic determination of the easy axis of magnetization
• obtaining the angular dependence of the magnetic susceptibility
• considering the hyperfine coupling to the nuclear spin
• automatic fitting of the REC or LPEC parameters to available χT vs T or spectroscopic data
• plotting the magnetic field dependence of the energy levels
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